Introduction {#sec0005}
============

A novel coronavirus (COVID-19), which originated from Wuhan, China, has spread to 25 countries worldwide. Up to February 16, 2020, the cumulative number of confirmed cases were 70548 in China ([@bib0040]) and 683 in other countries ([@bib0050]). The whole world, especially China, has taken extraordinary measures to contain the outbreak of COVID-19, and the effects were already present.

Unfortunately, the Diamond Princess cruise ship, with 3711 people on board, was found to have the epidemic of the novel coronavirus. As reported, the COVID-19 was traced to a passenger from Hong Kong, who boarded the cruise ship in Yokohama on January 20, then disembarked in Hong Kong on January 25. He had a symptom of coughing before boarding and was diagnosed as COVID-19 infection on February 1 in Hong Kong. The first 10 cases were confirmed on February 4 after the ship arrived in Yokohama port. Therefore, the Diamond Princess with the people on board was mandated to quarantine off the coast of Japan for 14 days. Up to February 16, 2020, 355 cases have been identified as having COVID-19 infection on the ship ([@bib0030]).

Because human-to-human transmission of COVID-19 has been confirmed ([@bib0010]), and there is limited space and relative high population density on the ship, it is of crucial importance to evaluate the transmissibility of COVID-19, and to forecast the probable size of the epidemic on the Diamond Princess cruise ship in the future. Accordingly, in this study, we estimated the reproductive number (R0) of COVID-19 in the early stage of outbreak on the ship and made a prediction of daily new cases for the next ten days.

Methods {#sec0010}
=======

Definitions {#sec0015}
-----------

A confirmed case of COVID-19 infection was defined as a case with a positive result for viral nucleic acid testing in respiratory specimens. Suspected case was defined as a case with symptoms of COVID-19 infection but not confirmed by viral nucleic acid testing. Serial interval was defined as the duration between symptom onset of the primary case and symptom onset of the secondary in a transmission chain. R0 was defined as the expected number of secondary cases that one primary case will generate in a susceptible population ([@bib0025]).

Data source {#sec0020}
-----------

All the data were captured from the official website ([@bib0030]) that reported the situation of COVID-19 infection in Japan. The data for model development were updated to February 16, 2020.

Model development and statistical analysis {#sec0025}
------------------------------------------

To evaluate the transmissibility of COVID-19 on the ship, we applied the "earlyR" package to estimate the R0 in the early stage of outbreak ([@bib0015]). Serial interval distribution is required for R0 estimation, and there was insufficient information about cluster cases for serial interval estimation. Therefore, we assumed the serial interval of COVID-19 on the ship was equal to that of COVID-19 in Wuhan, China, with a mean of 7.5 days and a standard deviation of 3.4 days ([@bib0025]). We fitted the value of serial interval (mean and standard deviation) with a gamma distribution, as previously described ([@bib0025]). The "get_R" function with Maximum-Likelihood (ML) estimation was used to obtain the distribution of R0.

To derive other statistics for R0 distribution estimation, we used a bootstrap strategy with 1000 times resampling to get a large set of likely R0 values. We displayed these R0 values in histogram format and computed the median and interquantile range for these R0 values.

R package of "projections" was used for plausible epidemic trajectories simulation and future daily incidence prediction ([@bib0020]). The simulation and prediction were generated by fitting the data of existing daily incidence, a serial interval distribution, and the estimated R0 into a model based on the assumption that daily incidence obeys approximately Poisson distribution determined by daily infectiousness, which was denoted as$$\text{λ}\text{t} = {\sum\limits_{s = 1}^{t - 1}{y\text{s}w(t - s)}}$$ $w(t - s)$ was the vector of probability mass function (PMF) of serial interval distribution. $y\text{s}$ was the real-time incidence at time $S$ ([@bib0020], [@bib0035]). We computed the prediction of daily incidence for the next ten days using a bootstrap resampling method (1000 times). We also plotted the possible cumulative incidence range for the next ten days. All statistical analyses and model development were performed using R version 3.6.2.

Results {#sec0030}
=======

Serial interval distribution of COVID-19 is shown in [Figure 1](#fig0005){ref-type="fig"} A. Using the serial interval distribution described above, we estimated that the ML value of R0 was 2.28 for COVID-19 outbreak at the early stage on the ship ([Figure 1](#fig0005){ref-type="fig"}B). With a bootstrap strategy, we obtained 1000 likely R0 values. The distribution of these R0 values was displayed as histogram plot in [Figure 1](#fig0005){ref-type="fig"}C. The estimated median with 95% confidence interval (CI) of R0 values was 2.28 (2.06--2.52).Figure 1The distribution of serial interval (A), the distribution of likely values of reproductive number (R0) with the Maximum-Likelihood (ML) estimation (B), a sample of 1000 likely R0 values using a bootstrap resampling method (C) for COVID-19 on Diamond Princess cruise ship.Figure 1

We then computed the probable number of new cases for the next ten days based on existing data and estimated R0. As shown in [Figure 2](#fig0010){ref-type="fig"} A, the daily median number with 95% confidence interval (CI) of new cases was 57 (42--75), 66 (49--84), 77 (59--96), 89 (68--111), 102 (81--125), 117 (93--142), 133 (107--164), 150 (123--184), 171 (138--208), 194 (156--235), respectively. We also simulated the range of cumulative number of cases for the next ten days, which is shown in [Figure 2](#fig0010){ref-type="fig"}B. The daily cumulative number of cases with 95% CI was 413 (397--430), 478 (456--503), 555 (528--588), 645 (606--684), 747 (696--798), 863 (800--925), 996 (919--1071), 1148 (1055--1242), 1321 (1210--1437), 1514 (1384--1656), respectively.Figure 2The epidemic trajectories of probable daily and cumulative cases for COVID-19 on Diamond Princess cruise ship February 17, 2020 and February 26, 2020. Panels (A) and (B) show the probable number of new and cumulative cases for the next ten days if the R0 value was unchanged, respectively. Panels (C) and (D) show the probable number of new and cumulative cases for the next ten days if R0 value was decreased by 0.25-fold, respectively. Panels (E) and (F) show the probable number of new and cumulative cases for the next ten days if the R0 value was decreased by 0.5-fold, respectively.Figure 2

We considered that the crew had taken measures to control the spread of infection, which would reduce the value of R0. We assume that if R0 value was reduced by 25%, the corresponding median number with 95% CIs of new cases for the next ten days would be 43 (30--57), 49 (35--64), 56 (41--72), 63 (47--81), 69 (51--90), 75 (56--96), 83 (63--105), 89 (68--111), 96 (74--123), 104 (79--133) ([Figure 2](#fig0010){ref-type="fig"}C). The total number of cumulative cases would be reduced to 1081 (981--1177) at the tenth day in the future ([Figure 2](#fig0010){ref-type="fig"}D). If the R0 value was further reduced by 50%, the corresponding new cases for the next ten days would be 28 (19--41), 32 (21--45), 36 (25--50), 39 (27--54), 42 (29--55), 43 (30--57), 44 (31--59), 44 (31--59), 45 (31--61), 45 (32--62) ([Figure 2](#fig0010){ref-type="fig"}E). The total number of cumulative cases would be reduced to 758 (697--817) at the tenth day in the future ([Figure 2](#fig0010){ref-type="fig"}F).

Discussion {#sec0035}
==========

Using the existing data and the epidemic model incorporating these data, we provide an estimation of the R0 of COVID-19 during the early stage experienced on the Diamond Princess cruise ship. We estimated that distribution of R0 was about 2.28 (2.06--2.52), which had overlaps with a set of previously published estimates, ranging from 2.2 (95% CI, 1.4--3.9) to 3.58 (95%CI: 2.89--4.39) ([@bib0025], [@bib0065], [@bib0055]), but lower than the reported estimate from a recent study with a large sample size, which suggested the R0 was 3.77 (95% CI 3.51--4.05). The wide range and the variability in R0 values reported by different studies indicate that precisely estimating R0 is quite challenging, because it is difficult to calculate the exact number of infected cases during an epidemic. Otherwise, the R0 value is affected by environmental circumstances, demography, statistical caliber, and modeling methodology ([@bib0005]). In our study, the accuracy of estimated R0 is largely dependent on whether all the infected cases have been identified. According to the report from Ministry of Health, Labour and Welfare, all the suspected cases and cases who had close contact with confirmed cases had received viral nucleic acid testing. Therefore, the proportion of unidentified cases is supposed to be low. In contrast, prior published studies were mainly focused on the estimation of R0 in Wuhan, China ([@bib0025], [@bib0055]). These estimates of R0 may be biased because a large population of infected cases were not identified during the early phase of disease outbreak. Another attractive feature of investigating the R0 on the ship is that the total number of population on board is relatively fixed, which perfectly matches the premise of epidemic models when studying the transmissibility of COVID-19 ([@bib0060]). Moreover, compared with prior studies ([@bib0025], [@bib0055]), the driving force of zoonotic infection was absent among the population on the ship. Therefore, the R0 in our study only reflected the human-to-human transmissibility of COVID-19, rather than a composite of zoonotic and human-level transmissibility. Our findings suggested that the R0 was still high although quarantine measures have been taken on the ship, indicating that other transmission routes may be neglected, such as aerosol transmission via the central air conditioning system or drainage systems. The latter was thought to be the cause of the SARS-CoV outbreak in a building in Hong Kong in 2003 ([@bib0045]). Otherwise, unidentified asymptomatic cases or cases within incubation may also cause continuous spread of the novel virus, which may also partially explain why R0 was still high at this stage.

We also made a prediction of daily incidence and the probable size of the outbreak for the next ten days. According to our analysis, the daily incidence and the size of outbreak are largely dependent on the value of R0. If the R0 value remained unchanged, the cumulative number of infected cases may reach 1514 at the tenth day, suggesting more than forty percent of the population would be infected. Fortunately, the crew has taken more stringent measures to control the spread of infection. As a result, the transmissibility is expected to be reduced in the coming days. If the R0 value is reduced by 50%, the infected cases will be reduced by about half. If the R0 value can further be reduced to less than 1, the number of infectious disease cases will gradually taper off and finally perish. Our data-driven analysis highlights the importance of controlling the transmissibility among population at this stage.

The current study has some limitations. First, because of the limited population number on board and the high infectiousness of COVID-19, with the rapid increase in number of infected cases, the proportion of susceptible population will be decreased rapidly. Therefore, our findings are constrained to a limited time frame and the result may be changed after a considerable number of cases were infected. Second, some confirmed cases were intentionally removed from the ship for treatment, and this measure would affect the natural process of disease transmission. If a considerable number of confirmed cases were removed, the computed R0 would be underestimated. Third, the prediction was based on the existing data from the Ministry of Health, Labour and Welfare; a delay in case confirmation or reporting would result in an underestimation of R0.

Conclusion {#sec0040}
==========

We estimated that the median with 95% CI of R0 of COVID-19 was about 2.28 (2.06--2.52) during the early stage experienced on the Diamond Princess cruise ship. The future daily incidence and probable outbreak size is largely dependent on the change of R0. Our findings emphasize the importance of reducing R0 in controlling the outbreak size at this stage.
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